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between the probability of reverse
swimming and calcium transients
in ASH sensory neurons when
exposed to an aversive chemical
stimulus. 
This technique could be used to
test some of the hypotheses of
Shtonda and Avery [1] and Zhang
et al. [3], by allowing observations
of activity in AIY and behavior of a
semi-retrained worm exposed to
different bacteria. Together these
new studies show the power of
combining genetic approaches
with neural circuit analysis in an
organism with a small tractable
nervous system in which all
neurons have been uniquely
identified in order to determine
the mechanisms of behavior. 
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R91Tumor Suppressors: Control of
Signaling by Endocytosis
Genetic defects of the endosomal ‘ESCRT’ machinery in Drosophila
have been found to cause loss of epithelial cell polarity, accompanied
by overproliferation of mutant and adjacent wild-type cells. These
results can be attributed to defective endocytosis of transmembrane
proteins that control cell polarity and proliferation, including Crumbs
and Notch.Bernd Giebel1 and 
Andreas Wodarz2
Three recent and independent
genetic screens [1–3] aimed at
identifying genes that control
epithelial organization and tissue
growth in Drosophila have
uncovered the genes vps25 and
erupted (ept). These are the fruit-
fly orthologs of the yeast genes
vps25 and vps23 (Tsg101 in
mammals), which both encode
components of the ‘endosomal
sorting complex required for
transport’ (ESCRT). In clones of
mutant cells in follicular and
imaginal epithelia — the eye, leg
and wing imaginal disc — the
epithelial polarity of mutant cells
is lost, leaving round shaped cells
which are arranged in multilayered
masses and contain expanded
apical membranes. These clones
of mutant cells are surrounded by
wild-type cells with normal
epithelial cell morphology,
demonstrating that mutant cells
lose their epithelial character in a
strictly cell autonomous manner.
Despite their normal cell
morphology, the wild-type cells
surrounding the mutant cell
clones show massive
overproliferation, resulting inoutgrowths of the wing and leg
and in overgrowth of the eye. 
In mutant clones in the eye disc,
Notch activity is dramatically
increased, causing ectopic
expression and secretion of the
cytokine-like molecule Unpaired
(Upd) [1–3]. In mutant wing disc
cells, increased Notch activity
leads to ectopic expression of the
secreted growth factor Wingless
(Wg) [2]. Both secreted Upd and
Wg induce cell proliferation in
surrounding wild type cells. In
mutant cells of leg discs, activity
of the Decapentaplegic (Dpp)
receptor Thickveins (Tkv) is highly
increased, resulting in the
inhibition of Wg expression and,
as a consequence, enhanced
expression and secretion of Dpp.
This ectopic secretion of Dpp
induces overproliferation in
ventral regions of the leg disc,
causing an outgrowth of
surrounding wild-type-cells [2].
What causes the cell-
autonomous loss of epithelial cell
polarity in the mutant cell clones?
The transmembrane protein
Crumbs (Crb) is essential for the
establishment and maintenance of
apico-basal cell polarity in
ectodermal epithelia. In wild-type
epithelial cells, Crb localization isrestricted to the apical plasma
membrane domain, whereas in
clones of ept mutant cells, Crb is
localized on the whole plasma
membrane [1]. The abnormal
localization of Crb in ept mutant
cells resembles the situation
where Crb is overexpressed,
which also leads to loss of
epithelial polarity and
overproliferation [4,5]. 
Apart from their proliferation
inducing effect, vps25 and ept
mutant cells normally contribute
very little to the overgrown
structures mentioned above. It
turns out that the reason for this
lies in the reduced fitness of the
mutant cells when they are in
competition with adjacent wild-
type cells. Artificial reduction of
the proliferation rate of the
surrounding wild-type cells, or
blocking apoptosis in the mutant
cells, results in massive
overproliferation of mutant cells,
which go on to develop
properties of metastatic cells
[1–3]. In this respect, the mutant
cells resemble precancerogenic
cells in mammals, which also
have to acquire at least one
additional mutation that prevents
apoptosis in order to develop a
tumor. 
In eukaryotic cells, a number of
transmembrane proteins are
endocytosed from the plasma
membrane and are transported to
the lysosome to be degraded.
The first step on the journey to
the lysosome is addition to the
transmembrane protein of a
single ubiquitin residue. In the
early endosome, such
ubiquitinated proteins are
recognized by Vps27/HRS, a
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interacting motifs. Subsequently,
they are transferred to the
ESCRT-I complex (Vps23/Tsg101,
Vps 28 and Vps 37), which
activates the ESCRT-II (Vps22,
Vps25 and Vps36) and ESCRT-III
(Vps2, Vps20, Vps24) complexes
[6–12]. After processing by the
three ESCRT complexes, the
transmembrane proteins are
packaged into small vesicles that
are formed from the endosomal
membrane. These vesicles bud
off into the interior of the
endosomes, giving rise to
multivesicular bodies (MVB).
Upon fusion with lysosomes, the
inner MVB vesicles are released
into the lysosomes where they are
degraded.
In agreement with this model, it
was found that in Drosophila
imaginal disc cells mutant for
vps25 or ept, endocytic traffic is
blocked at late endosomal stages.
Notch, Tkv and other
ubiquitinated proteins accumulate
in endosomes that are larger than
their wild-type counterparts and
appear to lack MVB vesicles in
their interior [1–3]. These
endosomes are also highly
enriched for Delta, a
transmembrane Notch ligand [2].
Strong accumulation of Notch in
late endosomes and increased
Notch activity were also observed
in cultured cells in which the
expression of either the ESCRT-II
components Vps25 or Vps22, or
the ESCRT-III component Vps32,
was knocked down by RNA
interference [2]. These results
show that the ESCRT complexes
are required for Notch
degradation and to downregulate
Notch activity. 
In contrast to these results, loss
of function of Hrs, either in mutant
imaginal disc cells or in tissue
culture assays, does not result in
increased activation of the Notch
signaling pathway [2,13]. In
tissues mutant for hrs, Notch
accumulates primarily in early
endosomes and colocalizes with
Avalanche (Avl), a protein that
may be the homolog of the human
syntaxins 7 and 12 [5,13]. Avl and
the small GTPase Rab5 are
required for early endosome
formation [5]. In avl as well as in
rab5 mutant cells, Notchaccumulates primarily at the cell
surface but remains inactive [5].
These new results indicate that
Notch is getting endocytosed
upon ligand binding and remains
in an inactive state until it is
transferred into late endosomes in
an Hrs dependent manner. There
it gets activated, presumably
through cleavage by the g
secretase presenilin. According to
the canonical view of the Notch
pathway, this step releases the
Notch intracellular domain to
translocate to the nucleus, where
it associates with the transcription
factor Suppressor of Hairless. The
regulation of Notch signaling in
endosomes may involve an
additional level of complexity, as
recent results demonstrate a
Suppressor of Hairless-
independent function of the
ubiquitin-ligase Deltex in Notch
activation [2,14,15]. 
A series of recent papers [1–3,5]
thus shows very convincingly that
multiple signaling pathways that
control cell polarity and
proliferation are regulated by
endocytosis of transmembrane
receptors. A block of the
intracellular pathway leading to
degradation of the endocytosed
receptors in the lysosome by
mutation of components of the
ESCRT complexes causes
increased signaling activity of the
receptors, which can lead to loss
of cell polarity and excess
proliferation. This complex
regulation of signaling pathways
explains why components of the
three ESCRT complexes function
as tumor suppressors in higher
eukaryotes.
In the near future, it will be
important to clarify how the
delicate balance between ligand
exposure of the receptors on the
cell surface, processing of the
receptors in the endocytic
compartment and degradation in
the lysosome are controlled. The
understanding of these processes
may not only be of interest for cell
biologists but could also have
profound implications for the
diagnosis and treatment of
cancer.
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